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Proteins arising from the Slo family assemble into homotetramers to form functional large-conductance, Ca2+- and 
voltage-activated K+ channels, or BK channels. These channels are also found in association with accessory β sub-
units, which modulate several aspects of channel gating and expression. Coexpression with either of two such sub-
units, β2 or β3b, confers time-dependent inactivation onto BK currents. mSlo1+β3b channels display inactivation 
that is very rapid but incomplete. Previous studies involving macroscopic recordings from these channels have 
argued for the existence of a second, short-lived conducting state in rapid equilibrium with the nonconducting, 
inactivated conformation. This state has been termed “pre-inactivated,” or O*. β2-mediated inactivation, in contrast, 
occurs more slowly but is virtually complete at steady state. Here we demonstrate, using both macroscopic and sin-
gle channel current recordings, that a preinactivated state is also a property of mSlo1+β2 channels. Detection of 
this state is enhanced by a mutation (W4E) within the initial β2 NH2-terminal segment critical for inactivation. 
This mutation increases the rate of recovery to the preinactivated open state, yielding macroscopic inactivation 
properties qualitatively more similar to those of β3b. Furthermore, short-lived openings corresponding to entry 
into the preinactivated state can be observed directly with single-channel recording. By examining the initial open-
ings after depolarization of a channel containing β2-W4E, we show that channels can arrive directly at the preinac-
tivated state without passing through the usual long-lived open conformation. This fi  nal result suggests that 
channel opening and inactivation are at least partly separable in this channel. Mechanistically, the preinactivated 
and inactivated conformations may correspond to binding of the β subunit NH2 terminus in the vicinity of the cy-
toplasmic pore mouth, followed by defi  nitive movement of the NH2 terminus into a position of occlusion within 
the ion-conducting pathway.
INTRODUCTION
Rapid inactivation of voltage-dependent K+ channels 
involves occlusion of the cytoplasmic mouth of the per-
meation pathway with a tethered peptide. These pep-
tides are either integral to the pore-forming subunit 
(Hoshi et al., 1990; Zagotta et al., 1990) or portions of 
associated accessory β subunits (Rettig et al., 1994; 
Heinemann et al., 1996; Xia et al., 1999, 2003). Inacti-
vation provides a mechanism by which channel activity 
is self-limited under conditions that would otherwise 
lead to continuing ion conduction. A characteristic of 
simple models of pore occlusion is that inactivation is 
obligatorily coupled to opening of the channel’s con-
duction pathway. However, there are indications of 
greater complexity in the inactivation of BK-type chan-
nels (Solaro et al., 1997; Lingle et al., 2001). In these 
cases, evidence suggests that the inactivation process is 
not well described by fi  rst-order association of an inacti-
vating peptide with an open channel. Rather, the bind-
ing comprises multiple steps (Lingle et al., 2001), and 
the coupling of inactivation with opening may not be 
obligatory (Solaro et al., 1997). Here we investigate 
these properties further.
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For BK-type potassium channels, expression of tetra-
mers of the primary α subunit produces functional 
channels that do not inactivate. Inactivation is conferred 
by the presence of either of two accessory sub  units. In 
channels incorporating the β2 subunit, inactivation re-
quires an intact triplet of three hydrophobic amino ac-
ids, Phe-Ile-Trp (FIW), at the beginning of the β2 NH2 
terminus (Xia et al., 2003). In channels incorporating 
the  β3b subunit, inactivation also requires an intact 
NH2-terminal cytoplasmic tail in the accessory subunit, 
but the structural requirements have not yet been fur-
ther defi  ned (Xia et al., 2000).
Several lines of evidence suggest that inactivation of 
BK channels has signifi   cant differences with that of 
Shaker channels. Shaker channels transiently carry cur-
rent during recovery (Demo and Yellen, 1991), and 
pore-blocking molecules compete for binding with the 
inactivation particle (Choi et al., 1991). In contrast, BK 
channels inactivated by the β2 NH2 terminus can re-
cover without passing through a conducting state, and 
no competition with pore blockers is observed (Solaro 
et al., 1997). Taken together, these observations suggest 
that the Shaker inactivation particle binds as a simple 
open channel blocker, while the BK inactivation domain 
may bind at a distinct, probably more superfi  cial, site.120 Two Conducting States in BK Channels
Another distinction between Shaker and BK inactiva-
tion is that inactivation mediated by the β3b subunit 
does not occur as a simple, fi  rst-order binding of an in-
activating particle into the pore. Specifi  cally, properties 
of whole-cell currents require that channels containing 
the β3b subunit possess a second, kinetically distinct 
conducting state that exists in rapid equilibrium with 
the inactivated conformation (Lingle et al., 2001). The 
simplest scheme accounting for these observations is 
shown below, with this additional short-lived conduct-
ing state designated O*:
(Wang et al., 2002). For single-channel experiments we also used 
higher ratios (10:1) in some cases.
After injection, oocytes were maintained at 17°C in ND-96 me-
dium (96 mM Na+, 2 mM K+, 1.8 mM Ca2+, 1 mM Mg2+, 103.6 mM Cl−, 
5 mM HEPES, pH 7.5) with the following supplements: 2.5 mM 
sodium pyruvate, 100 U/ml penicillin, 100 mg/ml streptomycin, 
50 mg/ml gentamycin. Oocytes were used 2–14 d after injection.
Electrophysiology
All currents were recorded in the inside-out patch clamp confi  gu-
ration (Hamill et al., 1981). Pipette resistance was typically 1–3 
MΩ. The pipette solution comprised (in mM) 140 K-methanesul-
fonate, 20 KOH, 2 MgCl2, 10 HEPES, pH 7.2. High resistance 
seals were formed in a bath solution of ND-96. After development 
of a seal, the patch was pulled and immediately moved into a local 
perfusion stream containing (in mM) 140 K-methanesulfonate, 
20 KOH, 10 HEPES, 5 HEDTA, pH 7.0. Ca-methanesulfonate was 
added to achieve a free Ca2+ concentration of 10 μM. Free [Ca2+] 
was verifi   ed through use of a Ca2+-sensitive microelectrode 
(Thermo Electron) and comparison to standard solutions (WPI) 
as previously described (Xia et al., 1999). For experiments involv-
ing treatment with cytoplasmic trypsin, trypsin (Sigma-Aldrich) at 
1 mg/ml was added to the bath perfusate until modifi  cation of 
current morphology reached steady state, usually 3–5 min.
Currents were recorded using an Axopatch 200B amplifi  er and 
pClamp 9.2 software (Molecular Devices). Currents were fi  ltered 
at 10 kHz through a 4-pole Bessel fi  lter and digitized through a 
16-bit DAC at 100 kHz. For macroscopic recordings, fi  ve instances 
of each voltage protocol were averaged and the results recorded. 
All experiments were performed at room temperature.
Data Analysis
Whole-cell recordings were analyzed using locally written software 
running under Scilab 3.0 (Scilab Consortium). Traces were usu-
ally analyzed without offl  ine capacitance subtraction. However, for 
calculation of instantaneous current–voltage relations, the trace 
resulting from a step to a tail voltage of 0 mV was scaled appropri-
ately and subtracted from the other sweeps in each recording.
Single-channel recordings were fi  rst baseline and capacitance 
corrected visually by subtracting a multicomponent decaying ex-
ponential. Corrected traces were interpolated 10-fold by a cubic 
spline procedure and idealized using a half-amplitude threshold 
criterion under pClamp 9.2, with idealizations verifi  ed visually. 
Approximately 1% of sweeps contained noticeable excursions to 
subconductance states; these sweeps were excluded from further 
analysis. Secondary analysis of the resulting events list was per-
formed using locally written software. Simulated single-channel 
and macroscopic currents were generated from Markov schemes 
using the simulation functions of the QuB software package (State 
University of New York at Buffalo).
Rare reopening events in wild-type mSlo1+β2 channels were 
analyzed using multichannel patches. In these cases, occasional 
overlapping reopenings were present. Because lengthy reopenings 
were rare, these overlaps almost always comprised a short, fl  ickery 
event superimposed on a more lengthy reopening. Accordingly, 
the closure that terminated the excursion to the doubly open level 
was assigned to the opening event immediately preceding it. 
RESULTS
Kinetic Comparison of β2 and β3b Subunits
Consistent with previous results (Lingle et al., 2001), BK 
channels incorporating the mSlo1 and β3b subunits dis-
played rapid, time-dependent but incomplete inactivation, 
with signifi  cant steady-state current remaining even in 
  (SCHEME 1)
Mechanistically, this two-step inactivation process may 
represent fi  rst the binding of the inactivation particle in 
the vicinity of the open pore (O→O*) followed by its 
further movement to occlude the mouth of the conduc-
tion pathway (O*→I).
We have speculated that two-step inactivation may 
be a general feature of both β2- and β3-mediated in-
activation, but that differences in the underlying rate 
constants preclude detection of this process in chan-
nels incorporating the β2 subunit (Lingle et al., 2001). 
It has also been proposed based on structural consid-
erations that Shaker and other KV channels inactivate 
through a similar multistep path (Zhou et al., 2001; 
Long et al., 2005). Here we further explore the gener-
ality of multistep inactivation. We demonstrate that 
the β2 subunit also confers a second conducting state 
and a two-step inactivation process onto BK channels, 
and we use single channel recordings to visualize this 
short-lived state directly. A potentially physiologically 
signifi  cant aspect of these results is that channel open-
ing is not absolutely required for the inactivation pro-
cess to commence, and that channels can initially reach 
either the open or preinactivated states by kinetically 
distinct pathways.
Some of these data have been presented previously in 
abstract form (Benzinger et al., 2005).
MATERIALS AND METHODS
Molecular Biology
β subunit constructs were generated by PCR and sequenced to 
verify that the resultant constructs were generated properly. Con-
structs were expressed in vitro as cRNA using SP6 RNA poly-
merase. Details of the construction of the clones used here have 
been previously described (Xia et al., 1999, 2003).
Expression in Xenopus Oocytes
Expression of the clones used in this report has been previously 
described (Xia et al., 1999). 1 d after harvest, stage IV Xenopus 
oocytes were injected with 9–36 nl cRNA (10–20 ng/ml). To ensure 
saturation of expressed channels with β subunits, β subunit mes-
sage was injected at a 2:1 excess by weight over α subunit cRNA. 
Previous results have shown that a 1:1 ratio of β2:α subunit mRNA 
is suffi  cient to produce saturation of channels with β subunits Benzinger et al. 121
that quantitative differences between rate constants 
might preclude simple detection of a preinactivated 
state with macroscopic current recordings. A number 
of mutations in the critical hydrophobic inactivation 
epitope in the initial segment of the β2 NH2 terminus 
produce incomplete inactivation (Xia et al., 2003), and 
may therefore favor easier detection of a putative pre-
inactivated state. Among these, we have focused on 
β2-W4E because its properties seemed particularly ame-
nable to elucidation of aspects of the proposed two-step 
inactivation mechanism.
Coexpression of the mutant β2-W4E subunit with 
mSlo1 α subunit produced channels with incomplete 
inactivation and large steady-state currents, as well as 
substantial tail currents upon repolarization (Fig. 1, E 
and F). Current decay was also somewhat faster in the 
mutant subunit. At +80 mV, decays were well described 
by a single exponential fi  t with τ = 35.5 ± 2.8 ms for 
β2 (n = 11) and τ = 19.0 ± 3.5 ms for β2-W4E (n = 10).
The behaviors of α+β2-W4E currents are qualitatively 
similar to those observed with the β3b subunit, although 
the inactivation rate of β3b substantially exceeded that 
of the wild-type and W4E β2 subunits. Furthermore, for 
both β3b and β2-W4E, the tail upon repolarization had 
conductances that substantially exceeded the steady-state 
conductance measured at the conclusion of depolariza-
tion (in Fig. 1, B and F, compare triangles with circles).
Inactivation of α+β2-W4E Channels Exhibits Kinetics 
Inconsistent with Simple Open-channel Block
We investigated this rapid augmentation of tail current 
conductance further in Fig. 2. For many gating pro-
cesses, it is assumed that the rate constants involved in 
channel gating are slow compared with the rate at which 
amplifi  ers can change command potential. Under this 
assumption, the number of open channels should re-
main constant over a voltage step, and the current pre-
sent immediately before and after the step should scale 
as a simple function of the driving force. Wild-type 
mSlo1+β2 channels display this approximately ohmic 
scaling, regardless of whether the duration of the depo-
larizing prepulse is short or long (Fig. 2 A). Similarly, 
mSlo1+β2-W4E channels displayed approximately 
ohmic tail currents if the depolarizingprepulse preced-
ing the voltage step was short and produced little inacti-
vation (Fig. 2 B, black trace). However, when substantial 
inactivation was allowed to develop before returning to 
a negative command potential, the current present in 
the tail refl  ected an approximately twofold increase in 
conductance at the earliest measurable time point (Fig. 
2 B, star). This augmentation must represent very rapid 
recovery of channels into a conducting state (summa-
rized in Fig. 2 C).
Channels that have recovered through this rapid 
mechanism are then susceptible to equally rapid rede-
velopment of inactivation. mSlo1+β2-W4E channels 
the face of lengthy depolarizations (Fig. 1 A). The rela-
tive amplitudes of peak, steady-state, and tail currents 
changed as a function of potential (Fig. 1 B) (and see 
Uebele et al., 2000; Xia et al., 2000). The complex 
shape of the peak conductance–voltage relation has 
been observed previously, and is thought to be due to 
differing voltage dependences of the activation and in-
activation processes (Xia et al., 2000). In contrast, 
channels incorporating the β2 subunit inactivated 
somewhat more slowly, but virtually completely, with 
little steady-state or tail current (Fig. 1, C and D) (and 
see Xia et al., 1999).
We hypothesized that β2 inactivation might include 
a two-step inactivation mechanism similar to β3b, but 
Figure 1.  The W4E mutation renders β2-mediated BK current 
inactivation properties similar to those of β3b. (A) Currents 
from a patch expressing mSlo1+β3b channels in response to a 
family of depolarizations. Inset shows the same currents on a 
time scale equivalent to C and E. (B) Normalized conductance 
data from mSlo1+β3b channels. Peak (□), steady-state (○), and 
tail (△) currents were measured. Peak currents ≤40 mV were fi  t 
with a Boltzmann equation, and all current values were normal-
ized to the positive asymptote of this fi  t (n = 8). (C) Current 
arising from a patch expressing mSlo1+β2 channels. (D) Nor-
malized peak conductance data from mSlo1+β2. (n = 11) (E) 
Current arising from a patch expressing mSlo1+β2-W4E chan-
nels. (F) Normalized peak, steady-state, and tail current values 
calculated as for B (n = 10).122 Two Conducting States in BK Channels
were allowed to inactivate at +160 mV, subjected to a 
brief (0.5 ms) repolarizing pulse to −80 mV, and then 
returned to +160 mV (Fig. 2 D). Under this protocol, 
the tail current present after a lengthy prepulse again 
displays the nonohmic increase in conductance. During 
the second depolarization, however, the conductance 
seen during the tail current undergoes a compensatory 
immediate, nonohmic decrease and returns to a value 
close to that before the brief repolarization. This behav-
ior is similar to that seen with the β3b subunit (Lingle 
et al., 2001).
Both the nearly instantaneous recovery and the equally 
rapid redevelopment of inactivation occur at rates far in 
excess of inactivation and recovery rates assayed through 
traditional paired-pulse protocols in these channels (Xia 
et al., 2003). This nonohmic behavior is consistent with 
a very rapid, voltage-dependent equilibration of the in-
activated state with a second conducting conformation 
that is distinct from the “classical” open state from which 
macroscopic inactivation proceeds.
At some voltages, tail currents of inactivated channels 
were also distinguished by a secondary unblocking com-
ponent. After a lengthy depolarization that produced 
steady-state inactivation, recovery to moderately nega-
tive voltages (−130 to −20 mV) yielded tail currents 
with, in addition to the initial nonohmic enhancement, 
a secondary rising phase (Fig. 3 A). These tail currents 
were well fi  t by the sum of a rising and decaying expo-
nential (Fig. 3 C). At a voltage of −80 mV, the potential 
used for the tail currents in Fig. 2, this rising phase had 
an apparent time constant of 5.1 ms (3.7–7.0 ms), which 
was too slow to account for the very rapid increase in 
tail current conductance noted above. Tail currents af-
ter a depolarization too short to produce substantial in-
activation produced no such rising phase (Fig. 3 B). 
These currents were well fi  t with single exponentials, 
and they had time courses similar to the decaying phases 
of tail currents after long depolarizations.
Figure 2.  β2-W4E channels redistribute extremely rapidly be-
tween inactive and conducting conformations. Channels express-
ing mSlo1+β2 (A) or mSlo1+β2-W4E (B) were depolarized for 
1 ms (black) or 40 ms (red) and allowed to recover as shown. After 
40-ms depolarizations, mSlo1+β2-W4E displayed an approxi-
mately twofold increase in conductance associated with repolar-
ization (*). (C) Fractional change in instantaneous tail current 
conductance at −80 mV compared with conductance at +160 
mV, immediately before repolarization (β2, n = 6; β2-W4E, n = 3; 
error bars, ±SEM). (D) A patch expressing mSlo1+β2-W4E was 
subjected to the indicated voltage protocol. Again, tail current 
conductance is increased immediately after a long depolarizing 
prepulse; arrows indicate the instantaneous tail current value dur-
ing the brief repolarization. This increase is reversed immediately 
after the onset of a second depolarizing pulse.
Figure 3.  Inactivation of β2-W4E is associated with biphasic tail 
currents. (A) mSlo1+β2-W4E tail currents at 40 mV increments, 
after a 200-ms depolarization as shown. (B) mSlo1+β2-W4E tail 
currents at 40-mV increments, after a 5-ms depolarization as 
shown. Insets show tail currents on an expanded time base. (C) 
Time constants of exponential fi  ts to tail currents from mSlo1+β2-
W4E. Tail currents after short depolarizations were fi  t with single 
exponentials, and tail currents after long depolarizations were fi  t 
with the sums of two exponentials. ○, decaying phase after long 
depolarization; □, rising phase after long depolarization; △, de-
caying phase after short depolarization (n = 4).Benzinger et al. 123
The recovery process evident in these tail currents 
therefore contains at least three components: an instan-
taneous recovery, a secondary unblocking, and a fi  nal 
deactivating, closing transition. This behavior is pre-
dicted by a model incorporating two open states, such 
as Scheme 1. It is inconsistent, however, with simplifi  ed 
models containing only one conducting state and one 
inactivated state.
Properties of Instantaneous I/V Relations Require 
an Inactivation-dependent Second Open State
In any Markovian model with voltage-dependent pa-
rameters, the relative occupancy of the model’s states 
after a voltage transition will change with time. In the 
case of Scheme 1, after the initial entry of channels into 
O, the ratio of occupancy of O and O* will change with 
time. Because O*, but not O, is assumed to be in a rapid, 
voltage-dependent equilibrium with the nonconduct-
ing I state, the instantaneous current–voltage relation is 
predicted to change as a function of the relative occu-
pancies of O and O*. Therefore, the instantaneous I/V 
relation should change as a function of the duration of 
the depolarization preceding the voltage transition. In 
contrast, models incorporating only a single conduct-
ing state should have instantaneous I/V relations that 
do not vary with the duration of the prepulse.
Such a time dependence in the instantaneous I/V re-
lation has already been observed in β3b-mediated inac-
tivation (Lingle et al., 2001). Although the instantaneous 
I/V curve for wild-type mSlo1+β2 is relatively insensi-
tive to prepulse duration (Fig. 4 A), channels incorpo-
rating β2-W4E show a strong time dependence to their 
instantaneous I/V relations (Fig. 4 B). Application of 
trypsin to the cytoplasmic face of inactivating BK chan-
nels is known to eliminate inactivation (Solaro and Lin-
gle, 1992). Accordingly, treatment of mSlo1+β2-W4E 
patches with cytoplasmic trypsin produced noninacti-
vating currents. Instantaneous I/V relationships for 
these patches were invariant with the duration of the 
depolarizing prepulse (Fig. 4 C). The occurrence of a 
second conducting state is therefore dependent on an 
intact inactivation pathway. The time dependence of 
the instantaneous I/V relation and its sensitivity to tryp-
sin together require the presence of a second conduct-
ing state and are inconsistent with a model of inactivation 
based on simple open-channel blockade.
Figure 4.  Instantaneous current–voltage relationships change 
with activation step duration. This change requires that channels 
occupy multiple distinct open states, one of which is in rapid 
equilibrium with an inactivated state. (A) Patches expressing 
mSlo1+β2 channels were activated with the indicated voltage 
protocol, with a depolarizing prepulse lasting 0.5 ms (top traces), 
2 ms (middle traces), and 10 ms (bottom traces). For display 
purposes, raw currents are shown at 20-mV increments. Current 
was measured 120 μs after the onset of the voltage step from the 
prepulse potential, after settling of the capacitance transient. For 
each protocol, these currents were normalized to the value re-
corded at −100 mV and plotted as follows: ○, 0.5 ms; □, 2 ms; △, 
10 ms (n = 6). (B) Patches expressing mSlo1+β2-W4E were re-
corded as in A (n = 7). (C) Patches expressing mSlo1+β2-W4E 
were treated with trypsin (1 mg/ml) at the cytoplasmic face until 
modifi  cation of macroscopic current was complete. Trypsin-modi-
fi  ed patches were then recorded as above (n = 4).124 Two Conducting States in BK Channels
Single-channel Recordings Exhibit both Long-lived 
and Inactivation-dependent Short-lived Openings
The state diagram outlined in Scheme 1, along with 
the macroscopic data presented above, make specifi  c 
predictions about the single-channel gating behavior 
of mSlo1+β2-W4E. The high level of steady-state cur-
rent upon depolarization suggests that channels 
should show persistent reopenings during a pulse. 
These openings should fall into two distinct catego-
ries: very brief events comprising recovery only 
to the preinactivated state followed by reinactivation 
(I→O*→I), and longer openings comprising more 
rare recovery into the longer-lived, classical conduct-
ing state (I→[O*→O]→I).
Recordings from patches containing single mSlo1+β2-
W4E channels display this behavior (Fig. 5 A). Periods 
of numerous, poorly resolved fl  ickery openings are in-
terspersed with occasional longer excursions to the con-
ducting state. Idealization of these data and construction 
of open-time histograms bear out this qualitative obser-
vation (Fig. 5 B). Open-time histograms have two very 
distinct primary components: a high-amplitude compo-
Figure 5. mSlo1+β2-W4E channels 
  exhibit short reopenings with char-
acteristics expected for the preinacti-
vated O* state. (A) Recordings from a 
patch containing one mSlo1+β2-W4E 
channel using the voltage protocol 
shown. Bottom trace shows an ensem-
ble average of 40 consecutive sweeps. 
(B) Histogram of open-time durations 
from this patch, with bins distributed 
logarithmically. At event durations less 
than twice the fi  lter rise time (2Tr = 66 
μs), signifi  cant numbers of events are 
missed during a half-amplitude ide-
alization. Bins corresponding to this 
range of times are therefore underes-
timates and are shown in lighter gray. 
Line is a three-term exponential fi  t to 
these data, with τslow = 2.3 ms. (C) Record-
ings from the same patch after treatment 
with trypsin (1 mg/ml × 2 min) to the in-
tracellular face. Bottom trace shows an 
ensemble average of 100 consecutive 
sweeps. (D) Histogram of open-time 
durations after trypsin treatment, with 
bins distributed logarithmically. Shad-
ing as in B. Line is a one-term exponen-
tial fi  t to these data, with τ = 1.6 ms.
nent comprising openings usually lasting <100 μs, and 
a smaller component of distinct, more lengthy open-
ings typically lasting >1 ms.
The presence of a two-component open-time histo-
gram requires a scheme with at least two conducting 
states. We believe that these two states are kinetically ad-
jacent, and that the O* state is an inactivation-depen-
dent, conducting state that can be accessed by recovery 
from the inactivated conformation. In principle, one 
can also construct a scheme in which the short-lived 
open state represents a “branch” of the activation path-
way, and is not itself a function of inactivation. One such 
scheme is shown below:
(SCHEME 2)
To distinguish between these two possibilities, we re-
moved inactivation from single-channel patches by 
treatment with trypsin. Treated patches showed an Benzinger et al. 125
  almost-complete absence of short-lived openings, dis-
playing instead only openings with durations similar to 
the longer-lived events before trypsin treatment (Fig. 5, 
C and D). The presence of short-lived openings there-
fore requires the presence of an intact inactivation 
pathway, consistent with the idea that the short-lived 
openings represent a preinactivated state, as depicted 
in Scheme 1.
Occasionally, these patches also displayed lengthy 
quiescent states. (see, e.g., the last trace in Fig. 5 C.) 
These states were usually substantially longer than the 
latency before initial opening upon depolarization. It is 
therefore likely that this behavior represents an occa-
sional, long-lived nonconducting state that is not de-
scribed by any of the schemes considered here.
It is possible that the occurrence of an inactivation-
dependent open state in mSlo1+β2-W4E represents a 
phenomenon unique to this particular mutant and is 
not characteristic of the wild-type β2 subunit. To answer 
this concern, we looked for the presence of similar short 
and long reopenings in wild-type mSlo1+β2 channels. 
In macroscopic recordings, wild-type channels have lit-
tle persistent current. Accordingly, recordings from 
patches containing single mSlo1+β2 channels displayed 
reopenings very rarely. Occasionally, however, single 
brief, fl  ickery reopenings were evident (Fig. 6 A, star). 
To view more of these events, we recorded prolonged 
depolarizations from patches containing 10–20 wild-
type channels (Fig. 6 B). These recordings showed both 
frequent brief openings and uncommon longer open-
ings. An open-time histogram constructed from ideal-
ized data revealed a bimodal distribution very similar to 
that associated with β2-W4E (Fig. 6 C). The mean open 
time for the longer openings was 2.3 ± 0.5 ms (n = 3). 
Therefore, the wild-type β2 subunit confers a preinacti-
vated state onto BK channels in a manner similar to that 
of the W4E mutant.
Channels Arrive at the O and O* States by Different Paths
A strictly linear sequential model like that presented 
in Scheme 1 predicts that initial openings in response 
to depolarization should always traverse both conduct-
ing states. Consequently, the fi   rst opening in each 
sweep should be, on average, long-lived. In wild-type 
mSlo1+β2, this prediction usually holds true. In only 
2.0 ± 0.5% of sweeps (in excess of those predicted by 
the tail of the longer open-time distribution, n = 3 
patches) does the initial opening last for <0.2 ms, 
while considerably more than half of reopenings are 
short-lived (see Fig. 6 C).
However, for mSlo1+β2-W4E channels, the simple 
expectation of Scheme I does not hold. For example, 
the top sweep in Fig. 5 A shows an apparent initial open-
ing that is very short lived. Even for Scheme I, very short 
initial openings would be occasionally expected as a 
matter of chance. To assess whether these short-lived 
Figure 6.  Wild-type channels undergo occasional short-lived re-
openings. (A) Recordings from a patch containing one mSlo1+β2 
channel using the voltage protocol shown. A single brief reopen-
ing is shown (*). (B) Recording from a patch containing at least 
15 mSlo1+β2 channels during a lengthy depolarization to +80 mV. 
Insets 1–3 show segments of this trace on an expanded baseline. 
(C) Histogram of open-time durations from this patch, with bins 
distributed logarithmically. Events less than twice the fi  lter rise 
time (2Tr = 66 μs) are shown in lighter gray. Line shows a fi  t to the 
data with a double exponential decay. Only events >2Tr were in-
cluded in the fi  t. τslow = 3.0 ms.126 Two Conducting States in BK Channels
initial openings occur more frequently than predicted, 
we compared an open-time histogram derived from all 
openings with one derived from only the initial open-
ing in each depolarization (Fig. 7 A). Although the ini-
tial openings were signifi  cantly enriched in long-lasting 
events, the distribution of these openings remained sig-
nifi  cantly bimodal, indicating that, on average, α + β2-
W4E channels open to the short-duration, preinactivated 
state  39 ± 3% of the time (n = 4 patches). These 
channels are therefore readily able to pass directly to 
the preinactivated state without visiting the classical 
open conformation.
Because channels can enter into either the open or 
preinactivated states directly, the different kinetic 
paths that lead to those two types of openings may 
produce differing latencies preceding the initial con-
ducting event. To assess this possibility, we chose 200 
μs, the local minimum between the two components 
of the open-time histograms, as a criterion for sepa-
rating short and long openings. We compiled histo-
grams of the latency preceding fi  rst opening separately 
for short and long events (Fig. 7 B). Fitting the decay-
ing portions of these histograms with single exponen-
tials showed a longer average latency preceding short 
openings than that preceding long openings. For 
long openings, τlat = 2.1 ± 0.5 ms; for short openings, 
τlat = 4.3 ± 1.1 ms (n = 4).
To illustrate this difference more directly, we con-
structed a scatter plot of the durations of the fi  rst la-
tency and the initial opening for each sweep in a patch 
(Fig. 7 C). Openings were again separated as >200 μs 
(black) or ≤200 μs (red). These distributions were log- 
transformed and averaged. The difference in latency 
for short events vs. long events when averaged in this 
manner, 3.9 vs. 2.3 ms in this example, was not large but 
was highly statistically signifi  cant (P < 0.0001, Student’s 
t test). Data from four similar patches yielded an aver-
age latency preceding short events of 3.4 ms (2.9–4.0, 
mean ± SEM), and for long events of 1.9 ms (1.5–2.4, 
mean ± SEM). We therefore conclude that, for α+β2-
W4E channels, the path toward inactivation cannot be 
represented by a purely linear sequential model, and 
that channels may pass through different pathways be-
fore initially opening to the O or O* states.
DISCUSSION
Here we have shown that BK channels incorporating 
the β2 accessory subunit possess two kinetically distinct 
conducting states, one of which is uniquely associated 
Figure 7.  Channels arrive at initial long- and short-lived open-
ings by different kinetic paths. (A) Histograms of open-time dura-
tion for all openings (solid bars) and initial openings (open bars) 
of a single mSlo1+β2-W4E channel after depolarizations to +80 mV. 
Bins are spaced logarithmically. (B) Histograms of the latency be-
fore initial opening, binned linearly and segregated by the dura-
tion of this fi  rst opening. Initial openings were categorized into 
two groups, those lasting >0.2 ms and those <0.2 ms, based on the 
nadir between the two components of the open-time histograms 
shown in A. Lines show single-exponential fi  ts to the decaying 
phases of the latency histograms (latencies ≥2 ms). For openings 
>0.2 ms (black), τ = 2.2 ms; for openings ≤0.2 ms (red), τ = 4.0 ms. 
(C) Scatterplot displaying the durations of initial openings versus 
the durations of the latency before opening. Events were again 
segregated as “short” (red) or “long” (black) by a criterion of 
0.2 ms. Lines show the average duration and latency (computed 
logarithmically) for each population. For long events, the average 
latency was 2.31 ms (mean ± SEM, 2.25–2.38 ms, n = 1022). For 
short events, the average latency was 3.86 ms (mean ± SEM, 3.68–
4.05 ms, n = 558).Benzinger et al. 127
with inactivation. In addition to the long-lived open 
state characteristic of noninactivating BK channels, 
channels can enter a very short-lived conducting con-
formation that is in rapid, voltage-dependent equilib-
rium with the inactivated state. Specifi  c mutations of 
the NH2 terminus of the β2 subunit, by altering the ki-
netics of the inactivation process, produce incomplete 
inactivation and facilitate detection of this state.
Both macroscopic and single-channel data provide 
evidence for the existence of this state. Channels in-
cluding mutant β2 subunits display apparent nonohmic 
increases in tail current, consistent with redistribution 
between I and O*, and instantaneous current–voltage 
relationships differ with the relative proportions of 
channels in the O and O* states. Both brief reopenings 
(to O*) and lengthy reopenings (to O* and O) are visi-
ble in single-channel recordings from both wild-type 
and mutant channels. Finally, enzymatic treatment to 
remove inactivation removes the preinactivated state.
Structural Correlates of the Preinactivated State
The simplest structural explanation consistent with 
these observations is that the β2 NH2 terminus produces 
inactivation through a multistep blocking process. In 
this model, the preinactivating transition corresponds 
to the binding of the NH2 terminus in close association 
with the pore, while full inactivation occurs when the 
NH2 terminus moves further and occludes it. The loca-
tion of the initial binding site remains unknown. How-
ever, the short duration of openings to the preinactivated 
state suggests that the site must be close to the fi  nal 
binding site for full inactivation.
Is this model consistent with the structural features of 
the BK channel cytoplasmic face? Recent structural 
work with KV channels has suggested that the Shaker 
inactivation domains reach the ion-conducting pore 
through lateral “side portals” in the cytoplasmic portion 
of the channel (Gulbis et al., 2000; Long et al., 2005). 
BK channels also possess large cytoplasmic domains 
tethered to the cytoplasmic end of the S6 helix. It there-
fore seems likely that access of the BK inactivation par-
ticle to the conduction pathway occurs through side 
portals, as well. Mutagenesis experiments with the BK 
β2 NH2 terminus have shown that many different amino 
acid sequences between the hydrophobic triplet and 
the transmembrane region will support inactivation 
(Xia et al., 2003). In addition, an NMR structure for 
the NH2 terminus showed considerable fl  exibility over 
much of this region (Bentrop et al., 2001). These facts 
together suggest that the NH2-terminal inactivation do-
main may be suffi  ciently pliant to make its way through 
a postulated side portal.
The limited length of the BK inactivation domain 
also suggests that it may access the conduction pathway 
through a side portal. Μutagenesis studies in β2 have 
shown that a linker region of only 12 amino acids be-
tween the membrane and the hydrophobic triplet is 
suffi  cient to support functional inactivation (Xia et al., 
2003). In a maximally extended conformation, this min-
imally acceptable 15–amino acid linker can extend 57 Å 
(Creighton, 1993). For comparison, the cytoplasmic 
“T1” domain of KV1.2 is  40 Å in height (Long et al., 
2005), and BK α subunits have a cytoplasmic domain 
that is likely to be considerably larger than that of Shaker-
type channels (Stuhmer et al., 1989; Butler et al., 1993). 
Given such a large cytoplasmic region, access to the con-
duction pathway through a side portal seems very likely.
If the inactivation domain enters the channel in this 
manner, ample opportunity exists for interaction be-
tween the inactivation domain and the α subunit before 
the pore is occluded. Preinactivation may represent the 
interaction of the β2 NH2-terminal residues with the 
lining of the side portal, followed by full inactivation as 
the NH2 terminus advances into the pore. Alternately, 
preinactivation may involve the interaction of the hy-
drophobic triplet within the channel’s central axis, but 
at a more superfi  cial, nonoccluding position than that 
associated with inactivation. In either case, excursions 
to the preinactivated state are very short, while the mac-
roscopic rate of channel inactivation is considerably 
slower. These facts imply that entry from the open state 
into the preinactivated state is the rate-limiting step in 
channel inactivation. The β2 NH2 terminus in its prein-
activated position therefore must be very close to its in-
activating, occlusive conformation. Given the side portal 
structure of KV channels, it is perhaps more surprising 
that Shaker inactivation appears to occur as a fi  rst-order 
association process. Further work with Shaker may reveal 
intermediate steps in its inactivation pathway, as well 
(Zhou et al., 2001).
The proposed movement of the β2 inactivation par-
ticle through a side portal raises additional questions 
related to the stoichiometry of channel inactivation. 
Previous work using low levels of β2 mRNA has shown 
that the presence of a single β2 subunit in the channel 
complex is suffi  cient to permit inactivation, and that ad-
ditional β2 subunits increase the rate of inactivation 
in a dose-dependent manner (Wang et al., 2002). The 
presence of four side portals and four β2 subunits ad-
mits the possibility that multiple β2 NH2 termini can 
exist in a preinactivated conformation, contained within 
multiple side portals, simultaneously. Alternately, if the 
preinactivated conformation involves a degree of im-
pingement into the channel’s central axis, it may be 
that preinactivation is competitive, and that multiple 
NH2 termini cannot concurrently occupy this state. We 
believe that these alternatives are potentially experi-
mentally distinguishable.
Ability of BK Channels to Inactivate without First Opening
Our results indicate that fully closed channels bearing 
the β2-W4E subunit can occasionally open directly into 128 Two Conducting States in BK Channels
the preinactivated state without ever passing through 
a long-lived open conformation. This observation is in-
compatible with the strict linear sequential model given 
in Scheme 1. Previous studies have shown that BK chan-
nels need not conduct current during recovery from in-
activation, implying that closure of a channel’s activation 
gate is not impeded by the presence of a docked inacti-
vation particle (at least during recovery) (Solaro et al., 
1997). This result suggests that even the fi  nal binding 
site of the inactivation particle within the pore is more 
superfi  cial than that usually envisioned for Shaker chan-
nels. Therefore, the simplest model explaining these 
data allows for mSlo1+β2-W4E channels to reach (at 
least) the preinactivated state before channel opening:
(SCHEME 3)
In this model, movement of the inactivation particle 
into the preinactivated position can precede opening of 
the activation gate (C→C*→O*), yielding an initial brief 
opening. Because wild-type mSlo1+β2 channels show 
very few direct openings to the short-lived O* state, it is 
natural to ask whether Scheme 3 only applies to the mu-
tated variant that we have studied. Prior studies on na-
tive BK channels in adrenal chromaffi  n  cells,  which 
most likely include the β2 subunit, have shown that, un-
der conditions of weak activation, these channels can 
inactivate without ever opening (Ding and Lingle, 2002). 
Transition through the classical open state was there-
fore not an absolute consequence of depolarization in 
these channels, either.
Is it then possible to account for the empiric differ-
ences in single-channel behavior between wild-type and 
mSlo1+β2-W4E channels upon initial activation within 
the context of Scheme 3? We are aware of two possibil-
ities. First, wild-type channels may have a slower rate of 
preinactivation (C→C*) with respect to activation (C→O) 
than is the case in mSlo1+β2-W4E channels, thereby fa-
voring full openings upon depolarization. In support of 
this idea, we observed that macroscopic current decay 
after depolarization was approximately twofold slower 
at +80 mV for channels including wild-type β2 than for 
β2-W4E. This result suggests that the preinactivating 
process is slower in wild-type channels than in channels 
containing β2-W4E.
Second, it is possible that, despite our hyperpolariz-
ing prepulses, some mSlo1+β2-W4E channels remain 
inactivated at the beginning of our depolarizations. In 
contrast, wild-type channels might be fully available by 
the onset of depolarization. Although we cannot ex-
clude this possibility, we do not consider it likely. In 10 
μM Ca2+, BK channels incorporating wild-type β2 are 
virtually fully available at potentials more negative than 
−120 mV (Ding and Lingle, 2002). Our prepulse oc-
curred at −160 mV, providing a considerable margin of 
safety. Furthermore, despite the steady-state conduc-
tance properties of mSlo1+β2-W4E, very little current 
is carried by these channels at the end of the hyperpo-
larizing prepulse, suggesting that few, if any, channels 
remain open or inactivated at this point (see Fig. 1 C).
We therefore prefer the view that the observed differ-
ence in the tendency of wild-type and mSlo1+β2-W4E 
channels to open directly to the preinactivated state is 
explicable within Scheme 3. It likely represents a differ-
ence in the relative rates of the opening and preinacti-
vating transitions, a difference that is consistent with 
other known macroscopic data.
To assess the ability of Scheme 3 to explain the ob-
served properties of mSlo1+β2-W4E current, we con-
structed a quantitative model and assessed the resulting 
simulated events. The process of BK channel activation 
encapsulates the movement of up to four voltage sen-
sors and the binding of up to four Ca2+ ions and is 
therefore represented by a Markov scheme comprising 
many dozens of states (Horrigan and Aldrich, 2002). 
The rate constants associated with activation are not well 
constrained by single-channel data obtained at single 
values of voltage and [Ca2+]. For the present purpose, 
however, at least one additional resting state (denoted 
CR) was required to adequately model the latency pre-
ceding initial channel opening. The resulting six-state 
model is shown in Fig. 8 A.
To maximally constrain the behavior of this model, 
we assumed an absence of allosteric coupling between 
the processes of channel opening and inactivation par-
ticle binding. Under this assumption, the model con-
tained eight free parameters. Furthermore, a scheme of 
this form allowed for direct estimation of all rate con-
stants from aggregate statistics of single-channel behav-
ior (see Table I) and did not require maximum-likelihood 
estimation of otherwise-unconstrained parameters.
Simulated events resulting from this model accurately 
recapitulated the behavior of mSlo1+β2-W4E channels 
(Fig. 8 B). Single-channel openings occurred as either iso-
lated, very brief reopenings or as bursts of longer-lived 
events. Macroscopic traces showed partial inactivation and 
a large steady-state standing current, consistent with mac-
roscopic recordings at +80 mV (compare Fig. 8 B, third 
trace, with Fig. 1 E). “Trypsinization,” as represented by 
removal from the model of all preinactivated and in-
activated states, increased the steady-state open proba-
bility and eliminated the population of brief, fl  ickery 
openings (Fig. 8 C).
This model also predicted the ability of channels to 
open initially into the preinactivated O* state. However, 
channels followed this path with a rate much lower than 
the 39% observed experimentally. This discrepancy 
arises from the interaction of two of the observed  kinetic Benzinger et al. 129
parameters. A higher fraction of channels initially open-
ing into O* predicts a higher rate of closed state prein-
activation (C→C*), while a longer duration of long-lived 
bursts predicts a lower rate of open state preinactivation 
(O→O*). Permitting the presence of (negative) alloste-
ric coupling between channel opening and preinactiva-
tion allows for a higher rate of openings into the 
preinactivated state without limiting the burst length of 
longer openings. The extent and physical basis of this 
allostery may prove a fruitful area for further study.
The presence of short-lived initial openings implies 
that channels can reach the preinactivated state without 
passing through the classical open conformation. This 
process might arise either from preinactivation of a fully 
closed channel or from an initial voltage-dependent 
con  formational change that precedes channel opening 
and favors preinactivation. Previous studies have shown 
substantial steady-state levels of inactivation of BK chan-
nels incorporating the β2 subunit at potentials for 
which activation was minimal (Ding and Lingle, 2002). 
However, the presence of a closed, fully inactivated state 
is not necessary to explain the current and previous re-
sults. Macroscopic rates of inactivation display only a 
very modest voltage dependence, despite the obvious 
voltage dependence of steady-state availability curves 
(Ding and Lingle, 2002). Further, charged residues are 
not required on the β2 NH2 terminus to produce inac-
tivation (Xia et al., 2003). The apparent development 
of steady-state inactivation in the absence of conduc-
tance could therefore refl  ect channel entry into the 
closed, preinactivated conformation (C*), followed by 
full inactivation almost immediately upon channel 
opening during the test pulse.
An important implication of this idea is that a struc-
tural transition associated with activation but preced-
ing channel opening is required to permit movement 
of the NH2 terminus into its full inactivating position. 
One possible candidate for this transition is the move-
ment of the S4 voltage sensor. Current evidence suggests 
that substantial gating charge movement occurs very 
rapidly upon depolarization and signifi  cantly    before 
the onset of channel opening (Horrigan and   Aldrich, 
1999). Therefore, S4 movement is well poised to act as 
a permissive switch for channel inactivation by the β2 
NH2 terminus.
A cartoon encapsulating these ideas is shown in Fig. 8 D. 
In this scheme, a conformational change associated with 
movement of the voltage sensor is permissive for prein-
activation and precedes channel opening. Preinactiva-
tion is represented by movement of the β2 NH2 terminus 
into a side portal, followed by binding at a position close 
to the ion conduction pathway. Further movement into 
the pore then corresponds to complete channel inacti-
vation. By permitting inactivation without fi  rst passing 
through the open state, this multistep inactivation pro-
cess may help regulate levels of BK current across a 
Figure 8.  Models of preinactivation. (A) A six-state Markov 
scheme incorporating Scheme 3 with the addition of an extra, 
nonconducting resting state, CR. In the absence of allosteric cou-
pling, rate constants on opposite sides of the central loop are as-
sumed to be identical (e.g., kC→C* = kO→O*) To simulate removal 
of inactivation by trypsin, all states below the dotted line were re-
moved. (B) Predictions of the scheme shown in A, with rate con-
stants as listed in Table I. Rate constants were estimated from 
data acquired at +80 mV and 10 μM Ca2+. Top two traces, simu-
lated single channel data, superimposed on 1 pA RMS noise, digi-
tally lowpass fi   ltered at 10 kHz. Bottom trace, simulated 
macroscopic current at +80 mV. Dotted line is zero-current level. 
(C) Simulated single-channel data after removal of inactivation 
by “trypsin,” processed as above. (D) A structural conception of 
the preinactivated state. Images depict a cartoon showing two op-
posing α subunits from the mSlo1 tetramer, fl  anked by two β2 
subunits. The fi  ve states shown correspond to those in Scheme 3. 
β, β2 subunit; OH, outer helix bundle (S0–S4); IH, inner helix 
bundle (S5–S6); T1, channel cytoplasmic domain (see Long et al., 
2005). The depolarization-induced change permissive for prein-
activation is represented as movement at the cytoplasmic face of 
the outer helix bundle. Possible locations for the interaction 
associated with preinactivation are shown in green in the C* and 
O* states.130 Two Conducting States in BK Channels
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